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CHAPTER 5
Repair of Defects in Photoactive
Layer of Organic Solar Cells
Defects occurring during printing of the photoactive layer in organic solar cells lead to
short-circuits due to direct contact between the PEDOT:PSS anode and metallic cathode.
We provide a highly effective repair method where the defected zone with bare PEDOT:PSS is
treated with aqueous sodium hypochlorite to locally disrupt the conductivity of PEDOT:PSS
by over-oxidation. We demonstrate that even macroscopically large defects with a surface
area of 10 mm2 can be repaired, restoring solar cell performance. In contrast, untreated
defected solar cells exhibit a significantly increased leakage current and corresponding de-
crease in light-to-power conversion efficiency.
This work has been published as:
A. J. Oostra, P. W. M. Blom, J. J. Michels, Sol. Ener. Mater. Sol Cells, 134 (2015) 334
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5.1 Introduction
In the previous chapter we have demonstrated a highly effective procedure to prevent
short-circuits in organic light-emitting diodes (OLEDs) by treating the stack of PEDOT-
PSS and light-emitting polymer (LEP) with aqueous sodium hypochlorite prior to cathode
deposition. The reduction in leakage current results from over-oxidation of exposed areas
of microscopic dimensions of PEDOT:PSS by hypochlorite, thereby locally interrupting
the conductivity (see chapter 3). The lifetime of the devices appeared not to be affected
by the treatment. From an application point-of-view, this procedure is attractive owing
to its compatibility with wet-processing techniques.[1]
In this chapter we show that the oxidative treatment applied to improve OLED per-
formance can also be utilized to repair precursors of conventional OSCs containing mac-
roscopic defects in the photoactive layer. The effectiveness of both the maltreatment and
the repair procedure is studied and compared for devices containing LiF/Al and Ba/Al
cathodes. If left untreated, the defects lead to high leakage currents and considerable
loss in device performance. We show however that for both cathode types upon treatment
device performance levels are reached that are comparable to those of devices contain-
ing non-violated photo-active layers. In order to arrive at an optimized repair procedure,
we also quantitatively study the consequences of exposing the pristine blend surface to
aqueous sodium hypochlorite.
5.2 Materials and methods
Glass substrates (152×152 mm2) containing nine ITO (22×23 mm2) pixels were cleaned
according to our method reported in chapter 4. HC PEDOT:PSS (0.84% solids,∼500 S/cm
in-plane conductivity) was provided by AGFA Gavaert, Mortsel, Belgium and used as re-
ceived. P3HT (Plexcore®OS 2100) was purchased from Sigma-Aldrich. PCBM (99% pur-
ity) was purchased from Solenne B.V., the Netherlands. P3HT:PCBM blend solutions for
spin-coating were prepared by dissolving both P3HT and PCBM in 1,2-dichloro-benzene
with a 1:1 ratio by weight at 80 °C and subsequently allowed to cool down to room tem-
perature.
OSC active stacks with lateral dimensions of 19.0×20.4 mm2 were prepared as follows.
HC PEDOT:PSS was spin-coated on the substrates after which PEDOT:PSS in-between the
ITO pixels was removed with a damp cleanroom wipe to avoid parasitic currents. The pat-
terned plates were subsequently annealed for 10 minutes at 200 °C in vacuum, giving dry
layers of PEDOT:PSS on top of ITO with an average thickness of 100 nm. The PEDOT:PSS-
covered plates were then allowed to cool down to room temperature. P3HT:PCBM-based
photoactive layers (90 nm) were spin-coated on the PEDOT:PSS-covered substrates and
annealed for 10 minutes at 130 °C under nitrogen after which the plates were allowed to
cool to 20 °C. To investigate the resilience of pristine P3HT:PCBM blend films to the oxidiz-
ing environment required for the repair procedure, glass-based
PEDOT:PSS-P3HT:PCBM stacks were fully submersed for various times in 5% aqueous so-
dium hypochlorite, after which the layers were rinsed with distilled water and blown dry
with nitrogen gas. Static water contact angles were then measured by means of a Data-
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(a) (b)
Figure 5.1: a) Glass plate hosting nine OSCs (19×20.4mm2); some of the OSCs contain a defect with a
surface area of ∼10 mm2 (light blue regions). b) Schematic cross-section of a pristine cell.
physics OCA 15 plus. Reported contact angles are average values each obtained from five
independent measurements.
Cathodes (LiF/Al or Ba/Al, lateral dimensions of 19.0 mm × 20.4 mm = 3.876 cm2)
were applied by either depositing (nominally) 1 nm lithium fluoride or 5 nm barium, fol-
lowed by 100 nm aluminum under high-vacuum conditions (P < 5 × 10−7 mbar). The
cathode was carefully positioned within the borders of the ITO pixel, thereby defining the
exact area of the solar cell. After cathode deposition, the substrates were encapsulated
with a metal lid to prevent speedily degradation.
Defects in the photoactive layer with sizes of approximately 10 mm2 (see Figure 5.1a)
were created prior to cathode deposition by locally removing P3HT:PCBM with a swab
stick soaked with xylene. A statistically relevant number of defected devices were treated
by depositing a droplet of NaClO(aq) (5%, purchased from Sigma-Aldrich) on top of the
wiped areas in the photoactive layer. After 30 seconds the drop was removed using a syr-
inge. The treated area was subsequently rinsed with distilled water to remove any NaClO
residues. Treated devices were thoroughly dried in vacuum.
5.3 Results and Discussion
Figure 5.2 shows magnified microscopic images of various defects, either intentionally
or unintentionally inflicted to the active photolayer (P3HT:PCBM) of conventional OSCs
having the device structure as outlined above. We obtained these images by taking the
photographs through the glass substrate of fully processed and encapsulated devices
whilst illuminating in reflection. Each defect is identified as a roughly-edged light yel-
low colored area surrounded by a darker orange shade indicating the intact photoactive
layer. The defects in Figure 5.2A-C were intentionally created by locally removing a ∼10
mm2 patch of P3HT:PCBM according to the method described in the experimental sec-
tion. Figure 5.2D shows a non-intended spin-coating defect (a so-called "comet tail")
created during depositing the photoactive layer due to the presence of the contaminant
particle apparent on the right side of the image.
The defects in Figure 5.2B-D were subsequently treated with aqueous hypochlorite
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Figure 5.2: Microscopic photographs (50×magnification) of ∼10 mm2 large defects in photoactive layer
(P3HT/PCBM) of organic solar cells; A: intentionally created defect; B: same as in A, but the damaged
region was treated with aqueous sodium hypochlorite prior to cathode evaporation; C: same as in B, but
showing a rupture in the PEDOT:PSS layer due to accidental contact damage during the rinsing step; D: ac-
cidental spin-coating "comet-tail" defect, treated with hypochlorite and water; the light and dark shaded
square regions in the stitched images result from illumination differences between the various frames.
(see experimental section) to disrupt the conductivity of the locally exposed PEDOT:PSS
(see chapter 3) in order to prevent the crater to cause a short circuit upon cathode de-
position. Figure 5.2A images an untreated defect. Comparing 5.2A with 5.2B-D clearly
shows that the aqueous treatment, in combination with the drying procedure applied
after the final aqueous rinse, causes the PEDOT:PSS layer to buckle. The conception that
the buckled film represents the PEDOT:PSS layer is supported by the observation in Fig-
ure 5.2C that the residual film inside the defect has locally ruptured and flipped over due
to accidental contact damage with the glass pipette, leaving the ITO uncovered. For such
a defect the hypochlorite treatment is not expected to result in short circuit prevention
once the cathode is applied.
In the previous chapter on OLEDs we carried out the PEDOT passivation procedure
by fully submersing the LEP/PEDOT:PSS stacks in hypochlorite solution, during which
the exposed PEDOT regions react via thiophene oxidation and ring opening, as proposed
by Yoshioka et al.[1] The LEP, typically not a polythiophene and more difficult to oxidize,
remained unaffected at least for short treatment times. Thus, repaired OLEDs behaved
similar to reference devices in terms of optoelectronic performance and life time.
Full submersion into aqueous hypochlorite may however not be suitable for
P3HT:PCBM-based devices, as P3HT, a polythiophene itself (!) and usually forming a re-
latively pure region at the top interface of the blend film,[2] is likely to react in much the
same way as PEDOT, which might negatively affect device performance. For this reason
we investigate to what extent submersion in aqueous hypochlorite influences the surface
composition of P3HT:PCBM films, prior to studying optoelectronic recovery and device
performance. The hydrophobicity of the blend film may well cause reaction to predom-
inantly occur at the surface, which makes contact angle measurement a suitable method
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Figure 5.3: A) Static water contact angle (θ ) as a function of submersion time (t) of PEDOT:PSS-
P3HT:PCBM blend substrates in 5% NaClO(aq); black squares: measured data, red line: best fit of Equa-
tions (1) and (2); the inset provides the same data on a linear time scale for the first 200 seconds; B) Pro-
posed multistep reaction scheme for oxidation of polythiophene (R = hexyl in case of P3HT), adopted
from: Y. Yoshioka, P. D. Calvert and G. E. Jabbour, “Simple Modification of Sheet Resistivity of Conducting
Polymeric Anodes via Combinatorial Ink-Jet Printing Techniques”, Macromol. Rapid Commun. 26 (2005)
238–246, doi: 10.1002/marc.200400527
to monitor chemical changes as a function of treatment time. Encouragingly, the suit-
ability of contact angle measurements to monitor the oxidation state of P3HT has been
demonstrated previously in an electrochemical study.[3]
Figure 5.3A shows how the static contact angle of a sessile water droplet on top of
the blend film changes as a function of submersion time in 5% aqueous hypochlorite
(black squares). A fast initial drop followed by a much more gradual decrease is observed,
without reaching saturation within the maximum time frame of the experiment. We
ascribe the decrease in contact angle to the fact that oxidation of P3HT increases the
number of polar groups per unit surface area, thereby enhancing wettability.[4] The trend
further suggests the presence of multiple time scales, in agreement with the multi-step
scheme proposed by Yoshioka et al.,[1] which we generalized and reproduced in Figure
5.3B. The oxidation of polythiophene occurs via three consecutive steps. In the first and
second step the thiophene ring (A) is converted into, respectively, its thiophene-1-sulf-
oxide (B) and thiophene-1,1-dioxide (C) analogues. The third step, characterized by nuc-
leophilic attack by water and substitution of OH-groups, yields a non-saturated polyol
(D).
As the typical length scale of spatial anisotropy in surface oxidation is expected to be
much smaller than the size of the sessile droplet, the cosine of the composite contact
angle may be considered a surface fraction-weighted mean of the cosines of the contact
angles a water droplet would make on surfaces containing the pure species A – D:[5]
cosθ =ϕA cosθA +ϕB cosθB +ϕC cosθC +ϕD cosθD (5.1)
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Species Contact angle (°) Rate constant value (s−1)
A 109 k1 0.18
B 101 k2 0.36
C 99 k3 0.00014
D < 5
Table 5.1: Parameter values of the kinetic model obtained from a best fit to the contact angle data given
in Figure 5.3A.
Here,ϕi is the surface fraction of species i andθi the static contact angle of a water droplet
on an (imaginary) surface of pure i . As for the surface oxidation itself, given the fact that
hypochlorite and water as reactants are present in excess we invoke the following system














Here, ki represents the effective rate constant of reaction step i (see Figure 5.3B) given
in s−1. At time zero the surface is assumed to only contain species A: ϕA(t = 0) = 1,
ϕi 6=A(t = 0) = 0. The rate constants and pure species contact angles are in principle con-
sidered floating variables whilst numerically fitting Equations 5.1 and 5.2 against the ex-
perimental data. However, the following constraints are applied: i) θA is fixed at 109°, as
apparent from the experiment; ii) the contact angles for the pure intermediates decreases
in the order: θA > θB ≥ θC >> θD with iii) θD < 5°, and iv) k2 > k1, k3. The third constraint
is based on the fact that the final oxidation product contains hydroxyl groups, i.e. provid-
ing hydrogen-bond accepting as well as donating capacity and hence complete wetting.
The fourth constraint is based on the previously made observation that in the direct oxid-
ation of thiophenes the mono-oxide is typically very sensitive towards further oxidation
into the sulfone analogue.[6] A best fit to the measured data (red line in Figure 5.3A) is
obtained for the parameter values specified in Table 5.1.
The very low value for k3 is not without ambiguity. A somewhat higher number is
obtained when non-complete wetting is assumed. More importantly, the reciprocal val-
ues of k1 and k2 yield characteristic times of the order of seconds, i.e. significantly smal-
ler than the submersion time typically applied for oxidative repair (30 s) (see chapter 4).
Hence, the present study suggests that in order to avoid chemical damage to the top-
surface of the pristine blend film local treatment of defects in the photoactive layer is
preferred over full submersion of the stack.
After having studied the effect of the defect infliction- and repair procedures on the
organic layers, we focus on the optoelectronic performance of the OSCs by measuring the
current density (J ) as a function of voltage (V ) under illumination with AM 1.5 simulated
58
5.3 Results and Discussion


























V  ( V )
A












V  ( V )
Figure 5.4: Current-density (J) as function of applied voltage (V) for OSCs under illumination with AM 1.5
simulated solar light; A) OSCs with LiF/Al cathodes; B) OSCs with Ba/Al cathodes; black squares: pristine
reference device; red triangles: device with a∼10 mm2 defect in the photoactive layer; blue circles: defec-
ted device locally treated with 5% NaClO(aq); the dark gray rectangle indicates the theoretical maximum
power output of the OSC; the lighter gray rectangles represent the maximum power obtained from actual
defected, treated, and pristine devices; arrows indicate the decline in open circuit voltage (Voc).
LiF/Al FF η (%) J-2V (mA/cm
2)
Reference 0.55 1.6 -15.1
Defected 0.33 0.7 -40.7
Treated 0.54 1.6 -14.8
Ba/Al FF η (%) J-2V (mA/cm
2)
Reference 0.51 1.7 -11.9
Defected 0.31 0.6 -50.0 (compliance)
Treated 0.51 1.7 -12.6
Table 5.2: Fill factor (FF),light-to-power conversion efficiency (η) and current density at V = -2 V (J-2V ),
for defected, treated, and reference OSCs with a LiF/Al (left) and Ba/Al (right) cathodes.
solar light. The results are plotted in Figure 5.4. Figure 5.4A and 5.4B respectively repres-
ent devices with LiF/Al- and Ba/Al- cathodes. The black, red, and blue curves represent
a pristine (reference) device, a device of which the photoactive layer has been deliber-
ately defected prior to deposition of the cathode, and a device with a defected photoact-
ive layer that was subsequently treated with aqueous sodium hypochlorite, respectively.
The maximum power output of reference, defected, and treated devices, as well the theor-
etical maximum, is indicated by the rectangles with different gray scales, the theoretical
maximum being represented by the darkest shade. Fill factors (FF), as calculated from
these areas, are listed in Table 5.2, together with the light-to-power conversion efficiency
(η), and current density at a negative bias of -2V (J-2V )). We note that although the curves
in Figure 5.4 correspond to single device samples, they are representative for all OSCs
manufactured in this study, whether pristine, defected, and/or treated.
The red curves and light grey rectangles in Figure 5.4A and B demonstrate that for both
cathode types the J-V characteristics are significantly affected by the defected region,
which represents about 2.5% of the total active area of the OSC. In both cases the dam-
age manifests itself through a two-fold increase in the leakage current (as can be seen in
reverse bias), accompanied by a near complete loss of photovoltaic behavior, evidenced
by the strong reduction in FF and η.
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LiF/Al Voc (V) %-loss
Reference 0.49 ± 0.04 0
Defected 0.43 ± 0.03 12
Treated 0.52 ± 0.03 -6
Ba/Al Voc (V) %-loss
Reference 0.53 ± 0.01 0
Defected 0.29 ± 0.08 45
Treated 0.54 ± 0.01 -2
Table 5.3: Average Voc and percentage loss for defected, treated, and reference OSCs with a LiF/Al (left)
and Ba/Al (right) cathodes.
It is not surprising that also the open-circuit voltage (Voc) is reduced by the imple-
mentation of a macroscopic defect in the photoactive layer. The measured photocurrent
under illumination (JL ) is the sum of the (negative) photocurrent Jph and the (positive)
dark current JD . Because the active area is hardly changing also the photocurrent will
not change because of the defect. However, an increase of the positive dark current at
low voltages due to an increase of the leakage current will ’pull up’ the negative photo-
current such that the Voc will be reduced. The single sample curves in Figure 5.4 show
that the reduction in Voc (indicated by the black arrow) is larger for a device containing
a Ba/Al cathode than for a device based on a LiF/Al cathode. Averaging the measured
values for Voc for each cathode type over multiple violated devices (i.e. 23 containing
a Ba/Al cathode and 22 containing a LiF/Al cathode) shows that the reduction in Voc is
about four times larger for a Ba/Al cathode than for a LiF/Al-based one (see Table 5.3).
This is a direct result of the fact that the dark current for defected devices with a LiF/Al
cathode stays lower as compared to devices with Ba/Al cathodes. A possible explanation
is that for LiF/Al a partial resistive barrier may well be present due to the non-optimal
contact between the PEDOT:PSS and the cathode. In case of a Ba/Al cathode on the other
hand, the contact area across the entire BaAl4/PEDOT:PSS interface is expected to be low
ohmic, so that there is a higher shunt current and concomitant loss of Voc. Although the
violated LiF/Al-based OPV-devices do not seem to suffer greatly in terms of Voc, the high
leakage current and poor FF show also for this cathode the necessity of an effective repair
procedure.
In Figure 5.4 it is demonstrated that for the treated devices (blue symbols) irrespective
of the type of cathode, treatment of the defected area with aqueous hypochlorite prior to
cathode deposition fully restores OSC device performance up to reference levels (black
symbols). For both type of devices the repairing effect is drastic. Besides the reduction
in the leakage current, photovoltaic performance is fully recovered by the hypochlorite
treatment, exhibited by restored FF andη to values comparable to those obtained for ref-
erence devices (Table 5.2). In line with our previous conclusions in chapter 4, we attribute
the repairing nature of the hypochlorite treatment to local disruption of the conductivity
of the PEDOT:PSS hole transport layer as a result of (de-doping and subsequent) over-
oxidation of the PEDOT phase. We emphasize that the fully restored OSC performance
demonstrated by the initially defected and subsequently NaClO(aq)-treated devices proves
that even these defects of macroscopic dimensions contain an integrally intact residual
layer of an insulating reaction product resulting from the over-oxidation of PEDOT:PSS,




In conclusion, we have shown that macroscopically large defects in the photoactive layer
of organic solar cell (OSC) precursors can be successfully nullified via over-oxidation of
locally exposed PEDOT:PSS by treatment with aqueous sodium hypochlorite prior to
cathode deposition. Contact angle measurements show that due to oxidation of P3HT
by hypochlorite a local treatment is preferred over complete submersion in oxidizer solu-
tion. The procedure has shown to work highly effectively for OSC devices having a con-
ventional stack geometry, both in case of a LiF/Al- and a Ba/Al cathode. If left untreated,
such macroscopic defects yield short circuits that lead to near complete loss of device per-
formance, evidenced by a large leakage current and a strong reduction in fill factor and
light-to-power conversion efficiency. Treatment of the defected areas with aqueous so-
dium hypochlorite ensures OSC performance to reach levels similar to that of unviolated
reference devices, for both cathode types.
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